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ABSTRACT Proton exchange and nuclear magnetic resonance spectroscopy are being used to characterize the energetics of
opening of AT/TA basepairs in the DNA dodecamer 5#-d(GCTATAAAAGGG)-3#/5#-d(CCCTTTTATAGC)-3#. The dodecamer
contains the TATA box of the adenovirus major late promoter. The equilibrium constants for opening of each basepair are
measured from the dependence of the exchange rates of imino protons on ammonia concentration. The enthalpy, entropy, and
free energy changes in the opening reaction of each basepair are determined from the temperature dependence of the
exchange rates. The results reveal that the opening enthalpy changes encompass a wide range of values, namely, from 17 to
29 kcal/mol. The largest values are observed for the AT basepairs in 7th and 8th positions. These values, and the exchange
rates of the corresponding imino protons, suggest that these two basepairs open in a single concerted reaction. The enthalpy
changes for opening of the central six basepairs are correlated to the opening entropy changes. This enthalpy-entropy
compensation minimizes the variations in the opening free energies among these central basepairs. Deviations from the
enthalpy-entropy compensation pattern are observed for basepairs located close to the ends of the duplex structure, suggesting
a different mode of opening for these basepairs.
INTRODUCTION
The sequence of bases in DNA contains the chemical
signature necessary for storing and expressing genetic
information. In turn, the base sequence induces speciﬁc
structural, energetic, and dynamic features that enhance the
identity of a DNA site. Proteins and other ligands sample
these features and use them to select the site for their binding.
The correlates between base sequence and the ﬂexibility of
DNA have been the object of investigations by a multitude of
approaches, including structural analysis of DNA and DNA-
protein complexes (Gorin et al., 1995; Olson et al., 1998),
molecular dynamics simulations (Beveridge and McConnell,
2000; Giudice and Lavery, 2002), and cyclization kinetics
(Kahn et al., 1994). This work addresses this question by an
investigation of the opening of DNA basepairs using proton
exchange and nuclear magnetic resonance (NMR) spectros-
copy. The opening of basepairs in DNA double helices is
a prerequisite for propagation and expression of genetic
information. Moreover, DNA basepairs often open to allow
their chemical modiﬁcation by enzymes, or to adjust to
structural perturbations induced by binding of proteins. The
combined use of proton exchange and NMR spectroscopy
allows characterization of these processes at the level of
individual basepairs (Gueron and Leroy, 1995; Russu, 2004).
The DNA molecule investigated is shown in Fig. 1. The
sequence of the central eight bases is the same as that of the
TATA box in the adenovirus major late promoter (Kim and
Burley, 1994). The sequence contains a juxtaposition of two
distinct tracts of adenines and thymines, namely, a (TATA)
tract in the 5#-half and a (AAAA) tract in the 3#-half. Thus,
the dodecamer allows examination of opening of AT base-




The two strands of the DNA dodecamer were synthesized separately on
a DNA synthesizer (Applied Biosystems, Foster City, CA) using solid-
support phosphoramidite chemistry. They were puriﬁed by reverse-phase
HPLC on a PRP-1 column (Hamilton, Reno, NV) in 50 mM triethylamine
acetate buffer at pH 7 (with a gradient of 5–30% acetonitrile in 44 min). The
counterions were replaced with Na1 ions by repeated centrifugation through
Centricon YM-3 tubes (Amicon, Bedford, MA) using 0.5 M NaCl. This was
followed by repeated centrifugation in the solvent used in NMR experi-
ments, namely, 0.1 M NaCl with 2 mM EDTA at pH 8.0 (at 25C). The
DNA duplex was annealed by equilibrating the two oligonucleotides in
a water bath at 80C for 30 min, followed by slow cooling down. The DNA
concentration in the sample used for NMR was 1.5 mM (duplex). The
sample also contained 2 mM triethanolamine, which was used to determine
the pH of the sample directly inside the NMR tube. This was done by
measuring ﬁrst the difference between the chemical shifts of the resonances
of the two methylene groups of triethanolamine as a function of pH for
a sample of 2 mM triethanolamine in 0.1 M NaCl with 2 mM EDTA. The
measurements were carried out at each temperature of interest. These
chemical shift versus pH calibration curves were then used to measure the
pH of the DNA sample in each NMR experiment. For proton exchange
measurements, increasing concentrations of ammonia were obtained by add-
ing to the DNA sample small aliquots of stock ammonia solutions (0.5–5 M)
in 0.1 M NaCl with 2 mM EDTA at pH 8.0. The ﬁnal concentration of
ammonia in the sample was measured by 14N NMR using a Varian VXR-
400 NMR spectrometer operating at 9.4 T. The intensity of the 14N NMR
resonance of ammonia was calibrated separately for a range of ammonia
concentrations from 0.175 to 3 M (the highest ammonia concentration used
in the NMR experiments). The concentration of the acceptor in imino proton
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exchange (i.e., ammonia base) was calculated at each temperature from the
total ammonia concentration (C0) and the pH as:





where the pK value of ammonia at each temperature was used (Weast,
1987).
NMR experiments
The NMR experiments were performed on a Varian INOVA 500
spectrometer operating at 11.75 T. One-dimensional (1-D) NMR spectra
were obtained using the Jump-and-Return pulse sequence (Plateau and
Gueron, 1982). 1H-1H NOESY spectra were obtained at a mixing time of
100 ms using the WATERGATE-NOESY pulse sequence (Lippens et al.,
1995). The proton exchange rates were measured by transfer of
magnetization from water. The water proton resonance was selectively
inverted using a Gaussian 180 pulse (5.8–8.1 ms). This was followed by
a variable delay in which the transfer of magnetization occurs from water
protons to DNA imino protons. To prevent the effects of radiation damping
upon the recovery of water magnetization to equilibrium a weak gradient
(0.21 G/cm) was applied during this exchange delay. At the end of the
exchange delay, a second Gaussian pulse (1.7–2.7 ms) was applied to bring
the water magnetization back to the oZ axis. The observation was with the
Jump-and-Return pulse sequence. Twenty-ﬁve values of the exchange delay
in the range from 2 to 900 ms were used in each experiment. The exchange
rates were calculated from the dependence of the intensity of the imino
proton resonance of interest on the exchange delay as we have described
(Mihailescu and Russu, 2001; Powell et al., 2001).
Imino proton exchange in DNA
The exchange of DNA imino protons with solvent protons occurs via
a structural opening reaction that brings the imino proton into an open state.
In this state, the hydrogen bond holding the imino proton is transiently
broken such that the proton can be transferred to proton acceptors present in
solution (Englander and Kallenbach, 1984; Gueron et al., 1990). The
exchange rate observed experimentally depends upon the kinetic parameters
of the opening reaction as (Englander and Kallenbach, 1984):
kex ¼ kop3 kex;open
kcl1 kex;open
; (2)
where kop and kcl are the opening and the closing rate, respectively, and
kex,open is the rate of exchange from the open state. The rate of exchange
from the open state is proportional to the concentration of proton acceptor
B (namely, ammonia base in this work):
kex;open ¼ a3 kB3 ½B; (3)
where kB is the rate constant for proton transfer in isolated nucleotides, and a
is a factor that accounts for differences in the rate of proton transfer between
isolated nucleotides and open DNA basepairs, e. g., restricted accessibility
of the proton acceptor to the imino proton in the open base. Previous
investigations have shown that a is generally close to unity (Gueron et al.,
1990). The rate constants kB for ammonia have been calculated previously
and, for the temperatures studied in this work, they range from 3.93 108 to
4.2 3 108 M1 s1 for thymine, and from 9.6 3 108 to 1.1 3 109 M1 s1
for guanine (Moe and Russu, 1992).
Two kinetic regimes can be distinguished depending on how the rate of
exchange from the open state compares with the rate of closing. The EX2
regime occurs when kex,open  kcl. In this case, the observed rate of ex-
change is proportional to the concentration of proton acceptor B:
kex ¼ Kop3 kex;open ¼ Kop3a3 kB3 ½B; (4)
where Kop ¼ kop/kcl is the equilibrium constant for opening of the base that
contains the imino proton. When kex,open  kcl (EX1 regime), the exchange
occurs in each opening event and
kex ¼ kop: (5)
RESULTS
The resonances of imino protons (N1-H in guanine and
N3-H in thymine) of the DNA dodecamer investigated are
shown in Fig. 1. The assignments of the resonances to
individual protons in the structure were obtained by 1H-1H
NOESY experiments, as illustrated in Fig. 2.
FIGURE 1 The DNA dodecamer investigated and the NMR resonances
of its imino protons (N1-H in guanine and N3-H in thymine) in 0.1 M NaCl,
with 2 mM EDTA and 2 mM triethanolamine, in 90%H2O/10%D2O at pH
8.3 and at 15C.
FIGURE 2 Expanded region of the 1H-1H NOESY spectrum of the DNA
dodecamer showing connectivities between imino protons. The experimen-
tal conditions are the same as in Figure 1.
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To characterize the processes of base-pair opening in the
DNA dodecamer we have measured the exchange rate of
each imino proton as a function of the concentration of
ammonia base. The results are illustrated in Figs. 3 and 4. For
several imino protons, such as that in T8 (Fig. 3), the de-
pendence of the exchange rate on ammonia base concen-
tration exhibits the hyperbolic form predicted by Eqs. 2
and 3 and, at high ammonia concentrations, the exchange
approaches the EX1 regime. For other imino protons, the
EX1 regime of exchange could not be reached for two reasons.
First, for several imino protons the exchange rates increase
rapidly with ammonia concentration. An example is the
imino proton in T3 (Fig. 3). Due to the high exchange rate,
the resonance of this proton is greatly broadened even at
relatively low ammonia concentrations (e.g., 20 mM; Fig. 4),
thus preventing exchange measurements in the EX1 regime.
Second, several imino proton resonances shift slightly and
overlap other resonances upon increasing ammonia concen-
tration. Examples of these resonances are those from T4 and
T6 in Fig. 4.
The exchange rate measurements were carried out at ﬁve
temperatures in the range from 10 to 30C. An illustration of
the dependence of the exchange curves on temperature is
shown in Fig. 5 A for the imino proton in T7.
The equilibrium constant for the opening reaction of each
basepair, Kop, was obtained by ﬁtting the exchange rate as
a function of ammonia base concentration to Eq. 2 (with
kex,open expressed as in Eq. 3) or to Eq. 4. The rate constant
kB for transfer of the imino proton from thymine or guanine
to ammonia base at each temperature was used (Moe and
Russu, 1992), and the factor a was assumed to be
independent of temperature (a ¼ 1). Representative Kop
values are shown in Fig. 6 A. Only the central eight basepairs
of the dodecamer are included in the ﬁgure. For the other
four basepairs, the exchange of imino protons is very fast due
to fraying at the ends of the structure, and the Kop values
could not be measured accurately.
The energetic parameters of the opening reaction for each
basepair were obtained from the dependence of the equi-
librium constant on temperature using the M-linear regression
algorithm introduced by Krug and co-workers (Krug et al.,
1976). The experimental data were ﬁtted to the following












where Thm is the harmonic mean of the experimental
temperatures (293 K), DHop and DGop are the enthalpy and
free energy changes in the opening reaction, and R is the
universal gas constant. The use of this equation ensures that
the obtained values of the thermodynamic parameters DHop
and DGop (Thm) are free of statistical compensation effects
(Krug et al., 1976). The values of the opening enthalpy
changes for the central eight basepairs in the dodecamer are
summarized in Fig. 6 B and are compared to the values of the
free energy changes in Fig. 8.
DISCUSSION
The results obtained in this work reveal that the energetic
parameters of the opening reaction vary among different AT/
TA basepairs in the dodecamer. For the opening equilibrium
constants the largest value is observed for TA3, e.g., Kop ¼
(2.4 6 0.1) 3 105 at 15C (Fig. 6 A). This large value
explains the high exchange rates observed for the T3 imino
proton (Fig. 3). For the other basepairs in the TATA half of
the dodecamer the opening equilibrium constants are ;5-
fold smaller, e.g., (4.4 6 0.2) 3 106 for TA5. A further
decrease (two- to threefold) is observed for the remaining
basepairs (AT7 through GC10).
FIGURE 3 Dependence of the exchange rate of imino protons in T8 and
T3 on ammonia base concentration, [B], at 15C. The exchange rates for T8
were ﬁtted to Eq. 2 (with kex,open expressed as in Eq. 3) and those for T3 to
Eq. 4. For most of the experimental points shown the errors are smaller than
the symbols.
FIGURE 4 Imino proton resonances of the DNA dodecamer at various
ammonia concentrations at 15C. The concentration of ammonia base for
each spectrum is indicated on the left.
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Insight into the energetic origin of these differences is
provided by the opening enthalpy changes measured for each
basepair. As shown in Fig. 6 B, the DHop values vary by
more than 10 kcal/mol among different AT/TA basepairs.
For the basepairs in the center of the TATA box, AT4 and
TA5, the values are the lowest, i.e., 17 6 2 and 17.5 6 0.9
kcal/mol, respectively. The highest enthalpy changes for
opening are observed for AT7 and AT8, i.e., 296 2 and 286
1 kcal/mol, respectively. For comparison, the enthalpy
changes for opening of AT/TA basepairs in various DNA
duplexes, which have been reported to date, range from 14 to
21 kcal/mol (Moe and Russu, 1992; Folta-Stogniew and
Russu, 1994; Moe et al., 1995). These previous determi-
nations encompass a variety of sequence contexts for AT/TA
basepairs such as those in the duplexes d(CGCGAATTC-
GCG)2, d(CGCAGATCTGCG)2, d(CGCAAATTTGCG)2,
and d(CGCACATGTGCG)2. Hence, compared to these and
previous results, the enthalpy changes for opening of AT7
and AT8 basepairs are anomalously high.
An explanation for the increased DHop values of AT7 and
AT8 is suggested by the observation that the exchange rate of
the imino proton in T7 is the same as that of the proton in T8.
This observation is presented in Fig. 7 A which includes the
exchange rates of the two protons measured in this work at
all ammonia concentrations and at all temperatures. It is clear
that, under these wide ranges of experimental conditions, the
exchange rates of the two protons remain the same. This
observation differs from the general observation that, in
double-helical DNA, the exchange of imino protons in
adjacent basepairs occurs at different rates (Leroy et al.,
1988; Gueron et al., 1990; Moe and Russu, 1990; Folta-
Stogniew and Russu, 1994; Moe et al., 1995). Different
exchange rates have been observed even when the 5#- and
3#-neighbors of each base are the same. This fact is
illustrated in Fig. 7 B by a comparison of the exchange rates
of the imino protons in T4 and T5. One notes that, although
the 5#- and 3#-neighbors of T4 are the same as those of T5,
the exchange rates of the two protons are different over the
entire range of experimental conditions investigated.
The current model for imino proton exchange in DNA
duplexes postulates that basepairs open one at a time,
independently of the opening of their neighbors (Gueron and
Leroy, 1995). This postulate has been made on the basis of
the general observation that imino protons in adjacent
basepairs exchange with different rates. The identity of the
exchange rates observed here for AT7 and AT8 suggests that,
in this case, the exchange occurs in a single opening event,
possibly by the concerted opening of the two basepairs. Such
concerted opening should have a higher enthalpic cost, thus
explaining the high enthalpy values observed for AT7 and
FIGURE 5 Illustration of the dependence of the exchange rates and
opening equilibrium constants on temperature. (A) The exchange rate of
T7 imino proton as a function of ammonia base concentration at all
temperatures investigated. The curves represent nonlinear least-squares ﬁts
to Eq. 2 (with kex,open expressed as in Eq. 3). (B) Temperature dependence of
the equilibrium constant for opening of AT7 basepair. The line represents a ﬁt
to Eq. 6.
FIGURE 6 Opening equilibrium constants at 15C
(panel A) and opening enthalpy changes (panel B) for
the central basepairs in the DNA dodecamer.
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AT8. This suggestion is supported by recent molecular
dynamics simulations in which energetic coupling between
opening of neighboring basepairs has been observed
(Giudice et al., 2003). The molecular basis for this special
behavior of AT7 and AT8 basepairs is not clear. In the
dodecamer investigated the two basepairs belong to a tract of
four AT basepairs (henceforth labeled A4). Previous inves-
tigations have shown that the rates of opening of AT base-
pairs in An and AnTm tracts are slow when n or n 1 m $ 4
(Leroy et al., 1988; Moe and Russu, 1990). However,
different rates of exchange have been observed for imino
protons of neighboring AT basepairs within the tract, at
ammonia concentrations comparable to those investigated
here. Moreover, the DHop values for opening of basepairs
within the tract are in the range observed for other base
sequence contexts in DNA. For example, in the DNA duplex
d(CGCAAATTTGCG)2, which contains a A3T3 tract, the
DHop values for opening of the AT basepairs are all around
20 kcal/mol (Moe et al., 1995). These observations suggest
that the unique exchange properties and opening enthalpy
changes that we observed for AT7 and AT8 in the dodecamer
investigated do not result from the participation of these
basepairs in the A4 tract. Instead, they probably represent
a special dynamic feature, which is induced in the tract by the
juxtaposition of the TATA sequence next to it. The inﬂuence
of the TATA sequence on the A4 tract has been observed in
molecular dynamics simulations of TATA-box DNA
(Flatters et al., 1997; Pastor et al., 1997). The simulations
show that the tract assumes a structure similar to that of
canonical A-form. The ﬁrst adenines in the tract exhibit an
enhanced tendency toward C3#-endo sugar puckering, and
the helix axis is strongly bent. Such conformational changes
may alter the opening pathways of basepairs in the tract, as
suggested here for AT7 and AT8.
Another interesting aspect of our results is the relationship
between the equilibrium constants for base-pair opening and
the enthalpic costs in the opening reactions. The opening
enthalpy changes vary among different basepairs by more
than 10 kcal/mol (Fig. 6 B). In contrast, the equilibrium
constants for opening (Fig. 6 A) are distributed within a much
narrower range of values; their variations are ,15-fold,
corresponding to variations in the free energy of opening of
,1.5 kcal/mol (at 15C). Such behavior is indicative of the
presence of enthalpy-entropy compensation in these opening
processes (Lumry and Rajender, 1970).
Enthalpy-entropy compensation is generally expressed by
the linear relationship between entropy and enthalpy changes
(Lumry and Rajender, 1970). We have calculated the entropy
changes in the opening of each basepair as:
DSop ¼ DHop  DGopðThmÞ
Thm
; (7)
where the DHop and DGop(Thm) values were obtained as
described above (Eq. 6). The plot of the DHop values versus
the obtained DSop values (Fig. 8 A) is linear with a slope cor-
responding to a compensation temperature Tc ¼ (306 6 4)
K (Lumry and Rajender, 1970). An alternative way to
express enthalpy-entropy compensation is the relationship
between DHop and DGop(Thm) (Fig. 8 B). As demonstrated
FIGURE 7 Comparison of the exchange rates of
imino protons in AT7 and AT8 (panel A), and in AT4
and TA5 (panel B), at all ammonia concentrations and
all temperatures investigated. In panel A, the slope of
the ﬁtted line is 1.004 6 0.005, and the correlation
coefﬁcient of the linear ﬁt is 0.99. In panel B, the slope
of the ﬁtted line is 0.78 6 0.01 and correlation
coefﬁcient of the linear ﬁt is 0.99.
FIGURE 8 (A) Correlation between enthalpy and
entropy changes for opening of the central basepairs in
the DNA dodecamer. The slope of the ﬁtted line
corresponds to a compensation temperature Tc ¼ (306
6 4) K. (B) Correlation between opening free energy
changes at Thm (20C) and opening enthalpy changes.
The ﬁtted line corresponds to the equation DHop¼
(100 6 34) 1 (18 6 5) 3 DGop with a correlation
coefﬁcient of 0.87.
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by other groups, this kind of analysis is free of statistical
effects and provides strong evidence for the existence of
chemical/structural compensation effects (Krug et al., 1976;
Sharp, 2001). The linear correlation between DHop and
DGop(Thm) is observed for the majority of the basepairs in the
dodecamer (Fig. 8 B). The two points that deviate from the
predicted linear dependence correspond to basepairs TA3
and GC10. Both basepairs are situated two positions away
from the ends of the structure. In these locations, fraying at
the ends of the duplex may inﬂuence the exchange of the T3
and G10 imino protons. As shown by other laboratories,
fraying affects the parameters of the opening reactions, e.g.,
the accessibility factor a in Eq. 3 (Nonin et al., 1995). The
results in Fig. 8 B support these previous ﬁndings, and
suggest that the pathways and/or the energetics of opening of
the TA3 and GC10 basepairs differ from those of the central
basepairs in the dodecamer.
Enthalpy-entropy compensation in nucleic acids has been
previously observed in the melting of double- and single-
helical structures (Searle and Williams, 1993; Petruska and
Goodman, 1995) and in the binding of drugs to DNA (Marky
and Breslauer, 1987; Qu et al., 2003). Our results show that
the same compensation exists in the conformational ﬂuctua-
tions of each basepair that yield the open state responsible for
imino proton exchange. The compensation could reﬂect the
involvement of water in the opening reactions (Marky and
Kupke, 2000). Recent molecular dynamics simulations
(Giudice et al., 2003) support participation of water in
base-pair opening. The simulations show that the conforma-
tional rearrangements of the DNA that occur in the opening
reaction perturb the hydration water and several new water-
binding sites form between the open bases. The observed
enthalpy-entropy compensation could also result from
properties that are intrinsic to the structure and structural
stability of DNA double helices. For example, molecular
dynamics simulations reveal that, upon opening of a basepair,
the conformational freedom of the phosphate-sugar back-
bone increases (Giudice et al., 2003). The entropy changes
associated with this increase could be compensated by the
endothermic cost of removing a base from its helical stack. A
similar mechanism has been proposed for the compensation
observed in the melting of DNA and RNA helices (Searle
and Williams, 1993). Regardless of its exact origins, the
enthalpy-entropy compensation in base-pair opening has an
important consequence for the structural integrity of the
DNA molecule. As a result of the compensation, the vari-
ations of the free energies of opening among different base-
pairs areminimized. This ensures that no basepair in the DNA
double helix, regardless of its sequence context, acquires
a very high thermodynamic propensity for opening.
The DNA dodecamer investigated contains the TATA box
of the adenovirus major late promoter (i.e., 5#-TA-
TAAAAG-3#). The structure of this DNA in complex with
TATA-box binding protein (TBP) from Arabidopsis thali-
ana has been solved at 1.9 A˚ resolution by Burley and co-
workers (Kim and Burley, 1994). The protein consists of two
pseudosymmetrical domains of nearly identical amino acid
sequence and structure. In spite of the high similarities
between the domains, the binding of the protein to DNA is
directional, namely, the C-terminal domain binds to the 5#-
half of the TATA box and the N-terminal domain to the other
half. Binding of the protein induces large conformational
changes in DNA. Two kinks (45) are introduced by
insertion of pairs of phenylalanine residues at the ﬁrst TpA
step and at the ApG step. Throughout the box, the DNA
unwinds by a total of 105. The reduced twist is coupled with
base-pair roll at each step yielding an overall 80 bend of the
helix axis. Due to these large protein-induced deformations
in the DNA, the TBP protein has been a paradigm for the
indirect read-out mechanism in protein-DNA recognition
(Kim and Burley, 1994; Juo et al., 1996).
The TBP-induced deformations of the DNA are clearly
much more complex than the base-pair opening reactions
investigated here. Nevertheless, one expects the enthalpy
changes for base-pair opening to be related to the enthalpic
costs of those protein-induced conformational changes that
involve perturbations of inter-base hydrogen bonds and/or
helical base-stacking interactions. Along these lines, our
results show that the TATA box DNA has an intrinsic
energetic asymmetry: the enthalpy changes for opening
basepairs in the TATA half of the box are much lower than
those in the other half (Fig. 6 B). This asymmetry may
contribute to the binding directionality of TBP by making the
C-terminal domain of the protein interact ﬁrst with the
TATA sequence (Kim and Burley, 1994).
In summary, the results presented in this work demon-
strate that the opening reactions of AT/TA basepairs in
TATA-box DNA strongly depend on the location and the
sequence context of each basepair. This dependence affects
the enthalpy and entropy changes that occur in base-pair
opening, while maintaining the opening free energy changes
at fairly constant values. The location of the AT/TA basepair
in the structure may also affect the nature of the molecular
ﬂuctuations that yield the open state. A complete description
of these sequence- and position-induced dependencies awaits
future investigations of AT/TA basepairs in other DNA
molecules, alone or in complexes with ligands. These investi-
gations are in progress in our laboratory.
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